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[CpRe(CH;)(CO)(NO)]: A Potential Candidate for Probing Parity

Violation**
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Abstract: Heavy-metal containing chiral compounds have
been suggested as promising candidates for studying parity-
violation effects. We report herein the broadband rotational
spectroscopy  study of the chiral complex [CpRe-
(CH;3)(CO)(NO)] in the gas phase. The spectra obtained are
very rich due to the two rhenium isotopologues ("Re and
"’Re), hyperfine structure arising from the rhenium and
nitrogen nuclei, and the asymmetry of the chiral complex.
Since rhenium is located very close to the molecular center of
mass, the rotational constants for the two rhenium isotopo-
logues are very similar. However they can be differentiated by
their characteristic nuclear quadrupole hyperfine splitting
patterns. Comparison with calculated nuclear quadrupole
coupling constants shows that all-electron relativistic basis
sets are necessary for a correct description of the rhenium atom
in this type of complex. The present study is an important step
towards future precision studies on chiral molecules.

Chirality is a fundamentally important molecular property
because enantiomers of the same molecules show dramati-
cally different chemical reactivity and biological functionality
in a homochiral environment, such as nature. While the
(bio)chemical properties of the enantiomers can be dramat-
ically different, their physical properties (such as boiling and
melting points) are to a very good approximation identical.
However, parity violation induced by the weak force affects
the molecular energy-level structure of chiral molecules,
leading to an overall energy difference between the enantio-
mers,!"? which was first discussed by Rein and Letokhov in
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the mid-1970s.** This small energy difference is discussed as
a possible cause for the homochirality of life on earth.F It
has not yet been experimentally observed in molecules but it
is predicted to increase for molecules containing heavy nuclei
close to the stereogenic center of the molecule.”) Recently,
heavy-metal-containing chiral compounds, such as the rhe-
nium complexes [CpRe(CO)(NO)X] (X=H, Cl, I), have
been suggested as potential candidates for precision experi-
ments aimed at determining this small energy difference.’ !
For example, the calculated energy difference between the
enantiomers of [CpRe(CO)(NO)I] amounts to about 300 Hz.

With the present rotational spectroscopy study of chiral,
[CpRe(CH;)(CO)(NO)] (Cp =n’-cyclopentadienyl), we lay
the foundation for upcoming studies on parity violation, such
as those based on high-resolution infrared and microwave
spectroscopy.'"'? To our knowledge, this is the first high-
resolution microwave spectroscopy study of a chiral organo-
metallic complex of this type. To date, only a few achiral
molecules of this type, such as [HRe(CO);],™!
[CpRe(CO);] M [(CH3)Re(CH,)0,] ! and
[(CH;)ReO;],') have been studied with high-resolution
microwave spectroscopy.

In comparison with the previously studied molecules,
[CpRe(CH;)(CO)(NO)] has four different ligands coordi-
nated to the central rhenium atom. Both the Cp and the
methyl groups can, in principle, perform internal rotations
with respect to the remaining of the molecule that would lead
to characteristic line patterns in our spectra. Furthermore,
both naturally occurring rhenium isotopes and N have
a nuclear spin I>1 (Izxe=5/2 and Iy=1), which leads to
significant hyperfine structure in the spectrum as a result of
the coupling of the nuclear spins with the overall rotation of
the molecule. The magnitude of the hyperfine splitting
reflects the anisotropy in the electric-field gradient surround-
ing the quadrupolar nucleus, which can be used to describe
the bonding situation in the vicinity of the respective nuclei.
This can be compared with other molecules and with
calculated electronic properties.!"”!

We use broadband rotational spectroscopy to investigate
the rotational spectrum of racemic [CpRe(CH;)(CO)(NO)]
in the gas phase using the Hamburg chirped-pulse Fourier
transform microwave (CP-FTMW) spectrometer COMPACT
that has been detailed elsewhere.'! Rotational spectra can
provide detailed information about structural and electronic
molecular properties, as well as insight into intramolecular
dynamics, such as internal rotation. The broadband spec-
trometer covers the 2-8.5 GHz frequency range and is thus
particularly suited for larger and heavier molecules that have
large moments of inertia and therefore small rotational
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constants, such as [CpRe(CH;)(CO)(NO)]. The
microwave chirp spanning several GHz in only
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Table 1: Molecular parameters for [CpRe(CH;) (CO) (NO)]. All values are given in

. . . MHz.
a few microseconds is employed to excite the
molecules, combined with broadband detection Molecular "“'Re "*Re E?tio .
using a fast digital oscilloscope. Our spectrometer parameters ) i Re/_ Re
. . . . experiment theory® experiment theory® experiment
is equipped with a pulsed source for supersonically
expanding the [CpRe(CH;)(CO)(NO)] molecules A 1232.1883(107) 1232.70 1232.2187(128)  1232.73 1.00003
into vacuum. The complex was synthesized following B 897.20692(88) 87827  897.23098(101)  378.30 1.00003
the procedure described in Ref. [19]. It was heated in ¢ 749.82214(62) 74021 749.83700(75) 740.23 1.00002
SNty e 681.555(39) 641.31  720.210(61) 675.37 1.057

a sample holder to about 105°C to generate suffi- P 2202.391(71)  —305.39 —216.065(75) 32159 1056
cient vapor pressure, which is then diluted by neonas ~ ,,_® —477.165(71)  —335.92 —504.145(75) _353.78 1.056
an inert carrier gas and subsequently supersonically — ~y,,® 348.203(203) 282.68  368.39(81) 297.74 1.058
expanded. More experimental details are given in  ~xs" 119.308(208) 62.70  120.27(172) 66.02 1.09
the Supporting Information. Yo (:N) 0.560(35) 0.60 0.475(40) 0.61 0.60

The rotational spectrum of [CpRe- Abb (MN) 0.387(38) 0.46 0.446(58) 0.46 1.026
(CH,)(COY(NO)] from 3.8GHz is shown in e (*N) —0.947(38) —1.06  —0.921(58) ~1.06 1.026
Figure 1 (top trace), along with its global minimum N, mber of 172 _ 130 _
structure obtained from density functional theory transitions
(B3LYP) optimizations. In our frequency range, we rms error 0.020 - 0.016 -

cover four a-type rotational transitions denoted by
the rotational quantum numbers J, K,, and K, with J
being the rotational angular momentum quantum
number and K, and K, the projections of J onto the
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Figure 1. Broadband rotational spectrum. Top trace: 3-8 GHz, average
of 50000 individual measurements. Bottom trace: simulated spectra
based on the fitted values reported in Table 1, and equilibrium
structure of [CpRe(CHj;) (CO) (NO)]. The four rotational transitions are
denoted with their respective J quantum numbers. The richness of the
spectrum arises from the two rhenium isotopologues, the K substruc-
ture, and the rhenium and the nitrogen hyperfine structures.

principal rotational axes of the molecules at the prolate and
oblate symmetric top limits, respectively. The rotational
transitions show a rich substructure due to the presence of
the two rhenium isotopologues in natural abundance ("*Re
(37.4%), Figure 1 blue trace, and "Re (62.6%), red trace)
and due to the rhenium and nitrogen nuclear quadrupole
coupling, which is shown in more detail in Figure 2 and
Figure 3 and discussed below. A detailed knowledge of the
nuclear quadrupole hyperfine structure is crucial for subse-
quent precision measurements on parity violation. Note that
no additional line splittings arising from internal rotation of
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[a] For the ab initio calculations, the B3LYP density functional employing the
Douglas—Kroll-Hess Hamiltonian has been used with an ANO-RCC basis set for the
rhenium site and a cc-pVQZ basis set for the lighter atoms (H, C, N, and O).

the Cp and the methyl group have been observed, in
agreement with the calculated barrier heights, which is
discussed in more detail in the Supporting Information.

The magnitudes of the nuclear quadrupole moments of
the rhenium and nitrogen nuclei differ by more than two
orders of magnitude. As a result, each rotational transition is
first split into several rhenium hyperfine transitions and each
of these transitions is split on a smaller scale by coupling with
the nitrogen quadrupole. The observed splittings are very
characteristic and can be used to identify different rhenium
isotopologues despite their rotational constants being very
similar. Initial assignment and fitting of rotational transitions
was performed using the PGOPHER program package.”!
These were then refined using Pickett’s CALPGM program
suite®! utilizing Watson’s A-reduced Hamiltonian in the I"
representation. The nuclear quadrupole coupling was de-
scribed by the sequential spin coupling scheme, J + Iz, = F|
and F, + Iy =F, where [ is the nuclear spin of the rhenium or
nitrogen, and F is the total angular momentum.” The
molecular parameters obtained from these fits are summar-
ized for both isotopologues in Table 1 along with ab initio
values calculated at the B3LYP level of theory employing the
Douglas—Kroll-Hess Hamiltonian and utilizing the cc-pVQZ
basis set for the light atoms and the atomic natural orbital
relativistic core correlation (ANO-RCC) basis set™ for the
rhenium atom, in the Gaussian09 program package.”” The
simulated spectrum based on the fitted values is given in the
bottom trace of Figure 1. SPFIT output files and computa-
tional details are given in the Supporting Information.

An expanded view of the (J+ 1)k« —Jkx =S54
rotational transition is given in Figure 2. It shows the large
overlap between the two isotopologues. The dominant sub-
structure arises from rhenium nuclear quadrupole coupling.
Each rhenium hyperfine transition is further split as a result of
nitrogen quadrupole coupling, as shown in the inset of
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Figure 2. Rhenium hyperfine structure for the

(J+ V.S = Sos <404 rotational transition. The characteristic split-
ting because of the rhenium nuclear quadrupole coupling differs for
the two rhenium isotopologues. "*'Re (red, solid line), "**Re (blue,
dashed line). Note that every rhenium hyperfine component of a rota-
tional transition is further split by nitrogen nuclear quadrupole
coupling. This splitting is shown in the inset for the F,=9/2+7/2 and
F,=7/2+5/2 rhenium hyperfine transitions, with A: F=11/2<9/2
and F=7/2-5/2 (not resolved), B: F=9/2—7/2, C: F=9/217/2,
and 5/2+3/2, D: F=7/2+5/2. Where F=F,+ Iy and F, =]+ .

Figure 2 and in Figure 3 for the 3,52,, 40,<3¢;, and the
5,54, rotational transitions. The rhenium nuclear quadru-
pole hyperfine structure is significantly different for the "*"Re
and '"®"Re isotopologues. This is directly visible in the spectra
(Figure 2): the low-frequency '¥Re transitions are located at
lower frequencies than the same transitions from the ''Re
isotopologue, this is reversed for the higher frequency
components, pointing to the smaller overall splitting of
18’Re. This observation is in accordance with the atomic
values  (Q(**Re)=+218.0(20) fm®> and Q(*'Re)=
+207.0(20) fm?). The clear difference allows us to unambig-
uously distinguish the two rhenium isotopologues. Usually,
isotopologues are distinguished on the basis of their rotational
constants. However, for [CpRe(CH,)(CO)(NO)] the rhenium
atom is located very close to the center of mass of the
molecule so that the resulting rotational constants are nearly
identical (Table 1) and differentiation is not possible based on
these values alone.

A significant portion of the rhenium quadrupole coupling
arises from the off-diagonal elements of the quadrupole
tensor, x,, and x,. which usually do not play notable roles.
The effect of the off-diagonal terms in [CpRe-
(CH;)(CO)(NO)] is so large that the components of the
rotational transitions could not be fitted to experimental
values without them. The mean errors obtained from fits
without any off-diagonal elements were approximately
1.7 MHz. The stepwise inclusion of y,, and yx,. reduces the
error to 0.5 MHz and 0.02 MHz, respectively, with only
a slight additional improvement when y,. is also included.
The fitted value of y,. is about 1 MHz, which is smaller than its
standard deviation, therefore y,. is not included in the final fit
in Table 1.

The nitrogen nuclear quadrupole hyperfine splittings are
shown in Figure 3 for three different rotational transitions
with increasing rotational quantum number J. With increasing
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Figure 3. Nitrogen hyperfine structure of [CpRe(CH,) (CO)(NO)] for
three different rotational transitions. The nuclear quadrupole splitting
decreases with increasing rotational quantum number J. Top trace is
experimental data, lower traces are simulations based on fitted
parameters. '¥’Re (red, solid line), "®Re (blue, dashed line).

J, the splitting gets more congested, which is typical for
nuclear quadrupole coupling.

The nuclear quadrupole coupling constants can provide
information about the electronic environment of the respec-
tive nuclei, particularly when similar molecules are compared.
However, in this case the difference in symmetry between
previously studied molecules and the presence of large off-
diagonal elements make a direct quantitative comparison
difficult. But it is worth noting that the order of magnitude of
% for [CpRe(CH;)(CO)(NO)] is the same as for the
previously investigated symmetric-top molecules
[CpRe(CO);] and [(CH;)ReOs] (see Table S1 of the Support-
ing Information). Insights into the chemical environment at
the nitrogen atom are also problematic as the bonds are not
along any symmetric axis.

High-resolution rotational spectroscopy is a powerful way
to precisely determine the structures of polar molecules in the
gas phase, as for example recently shown for strawberry
aldehyde and the sevoflurane-benzene complex.”?! The
position of each individual atom with respect to the mole-
cule’s center of mass and thus its structure can be determined
by isotopic substitution. In the present study, we cannot
directly extract detailed structural parameters from our
experimental data since we did not observe other isotopo-
logues besides the ones of rhenium and in particular no “C
isotopologues, but we can compare the experimental molec-
ular parameters with those from quantum chemical structure
calculations. Rotational constants are very sensitive to
structural changes, so that a good agreement between experi-
ment and theory gives us further confidence in the optimized
structural parameters.

Angew. Chem. Int. Ed. 2014, 53, 11656 11659


http://www.angewandte.org

In summary, we investigated the chiral heavy-metal
containing complex [CpRe(CH;)(CO)(NO)] using high-res-
olution broadband rotational spectroscopy in the gas phase,
which is a promising candidate for studying parity violation
effects in chiral molecules. It shows a rich spectrum as a result
of the two rhenium isotopologues [Cp'*Re(CH,;)(CO)(NO)]
and [Cp'¥Re(CH;)(CO)(NO)], the widely split rhenium
hyperfine structure, and the nitrogen hyperfine structure.
Even though the rotational constants are very similar for the
two isotopologues since the rhenium atom is located very
close to the molecular center of mass, we can differentiate
between the isotopologues based on their characteristic
hyperfine splitting patterns. Comparison with calculated
nuclear quadrupole coupling coefficients clearly indicates
that relativistic effects are inherently necessary for a correct
description of rhenium in this type of complexes. Our spectra
do not resolve effects from internal motions of the Cp or the
methyl group, in agreement with results from ab initio
calculations. With this detailed high-resolution rotational
spectroscopy study of [CpRe(CH;)(CO)(NO)], we demon-
strate that such asymmetric molecules can be investigated in
the gas phase and provide detailed spectroscopic properties.
This knowledge is an important requirement for upcoming
precision studies on such chiral heavy-metal containing
compounds, employing well-controlled, slow molecular
beams and high-resolution spectroscopy setups.
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